The interaction of a laser pulse with a Sn pre-plasma formed by a low energy pre-pulse was investigated for an extreme ultraviolet (EUV) lithography light source. Much lower ion kinetic energy and nearly the same conversion efficiency from laser to in-band (2% bandwidth) 13.5 nm EUV light were simultaneously observed as compared with those from the direct interaction with a solid surface. The reason comes from the interaction of the laser pulse with a smooth pre-plume induced by the pre-pulse. The density profile of the pre-plume was measured with time-resolved shadowgraphy and could be fitted with a Gaussian function. The energy of the ions located at the flux peak p E scales with the length of the pre-plume s l as
Introduction
Extreme ultraviolet (EUV) lithography is one of the most promising next generation lithography tools succeeding 193 nm optical lithography (using ArF laser) used in the semiconductor industry to produce electronic nodes with critical size of 32 nm or less [1] . However, EUV lithography is facing several challenges for its application in high volume manufacture (HVM). One of those is to develop a powerful, clean, and long lifetime EUV light source. At present, most of the efforts focus on 13.5 nm EUV light with a bandwidth of 2% (in-band) due to the availability of multilayer mirrors used in EUV lithography systems. Hot plasma, heated by an electric discharge or a high power laser, can efficiently emit 13.5 nm EUV light. Compared with dischargeproduced plasma, laser-produced plasma has the advantages of high efficiency, cleanliness, and large collection angle. Laser-produced Sn plasma with a temperature around 30 eV provides the highest in-band conversion efficiency (CE) from laser to 13.5 nm EUV light due to its emission peak located at 13.5 nm [2] .
However debris becomes a critical issue for the use of Sn in a practical EUV lithography source for HVM. Fast particles with kinetic energy of several keV have been observed from Sn plasmas. The fast particles could result in permanent damage to the collector optics used in an EUVL system. It has been shown that reduction of ion energy helps reduce the sputtering rate of the optics and to extend their lifetime [3] .
Ion acceleration in plasma has been described in terms of collisionless expansion into vacuum [4] . The initial conditions, such as ion density profile, play a key role in the plasma expansion. Theoretical efforts [5, 6] have shown that electron cooling and wave breaking in the expansion of plasma with an initially smooth ion density profile may result in slower ions as compared with a plasma with an initial infinitely sharp boundary.
A pre-pulse is a convenient way to modify the initial density profile. The influence of a pre-pulse on ion acceleration in a high field has been investigated by theoretical and experimental efforts to increase ion energy and to improve beam quality. It has been shown that both the maximum energy and angular distribution depend on the level of the pre-pulse [7, 8] . Ion acceleration is more efficient with a short initial scale length.
Comparison between cases with and without a pre-pulse shows a variation in ions energy of a factor of 2-4 [7] .
Numerical simulations also suggested ~2 times reduction in velocity when a smooth initial ion density profile is considered [5] . 3 Recently we demonstrated a much larger reduction factor of 30 in ion energy from laser-produced Sn plasma by introducing a low energy pre-pulse [9] . However, the mechanism dominating the phenomena was not clear until now. Further understanding of the effect of initial density profile on ion acceleration is not only necessary for the development of an EUV lithography source, but also for other applications of laser plasma, such as laser ion acceleration, laser fusion, soft and hard x-ray sources, and pulsed laser deposition (PLD).
In this report, we present investigations to clarify the interaction of a laser pulse with a pre-formed Sn plasma, which are relevant to the properties of ions and in-band 13.5 nm EUV light emission. Even though most of our experiments have been carried out at the optimum conditions for a 13.5 nm EUV light source, these investigations are also helpful to understand the issues related to the general case of laser plasma interactions. This paper is organized as follows: section 2 introduces the experimental arrangement for the measurements of ion spectrum, in-band CE, soft x-ray spectrum, temporally-resolved shadowgraphy and interferometry. Experimental results are shown in section 3, and laser absorption and plasma expansion are discussed in section 4.
Experimental arrangements
A schematic of the experimental arrangement is illustrated in Fig.1 . Two lasers are employed in our experiments. One is a picosecond (ps) Nd:YAG laser (EKSPLA SL335), which consists of one SBS oscillator and two stages of amplifiers. The ps laser can produce a 1.064 µm laser pulse with pulse durations from 130 to 600 ps, and pulse energy up to 500 mJ. The other is a 7 nanosecond (ns) Nd:YAG laser (Continuum Surelite), which produces a 1.064 µm laser pulse with a maximum pulse energy of 650 mJ at 10 Hz. The ps laser is used as a pre-pulse. The ns laser is used to generate the EUV plasma to match the optimized conditions for efficient generation of 13.5 nm EUV light [10] , called pumping pulse hereafter. The two lasers are synchronized with a pulse delay generator (Stanford DG535) with a jitter less than 0.5 ns. The two laser beams are combined into a collinear optical path by a cube polarizer. Energies of the two laser beams are independently adjusted by using two λ/2 wave plates placed in front of the cube polarizer. They are focused by a same lens with a focal length of 300 mm onto the surface of the target at normal incidence. The target is placed inside a vacuum chamber with a pressure below 10 -6 Torr to avoid absorption of EUV light induced by the remaining air. The size and 4 overlapping of the two focal spots were measured by an optical image relay method. The focal spot sizes (FWHM) of the pre-and pumping pulses are 300 and 100 µm respectively. Bulk Sn slab is used as the target.
The target is moved to maintain a new surface for each shot.
The plasma density profile is measured using a Nomarski interferometer. A small part split from the pumping pulse is converted into 0.532 µm light by a second harmonic generator (SHG) (type II KDP crystal) and used as a probe beam. A λ/2 wave plate and a cube polarizer are used to adjust the polarization and energy In-band CE from laser to 13.5 nm EUV light is measured with an absolutely calibrated EUV energy monitor (E-Mon) from Jenoptik, which consists of a Zr filter, two near-normal-incident multi-layer Mo/Si mirrors, and an x-ray photodiode. The CE is integrated over a 2π solid angle. The data from the FC and the EMon are acquired, stored, and processed with a digital oscilloscope. 5 The soft x-ray spectrum from the Sn plasma is observed using a transmission grating spectrometer (TGS), which consists of a 50 µm slit, a 10,000 lines/mm transmission grating and a back-illuminated x-ray CCD camera (Roper). Its spectral resolution is better than 0.1 nm. Both the E-Mon and the spectrometer are installed in the plane of laser incidence at an angle of 45 degree with respect to the target normal. The data from the FC, the E-Mon, the TGS, and the interferometer (shadowgraphy) could be simultaneously collected in a single shot.
Experimental results

Properties of ion and 13.5 nm EUV light
The ion energy spectrum is deduced from the time of the flight (TOF) measured by the FC. Typical ion energy spectra from the laser-produced Sn plasmas driven by a single pulse (black line) and a dual-pulse with various delay times (color lines) are shown in Fig. 3 (a). Expanded spectra from 0 to 1500 eV are shown in Fig.   3 (b). The intensity of the pumping laser is 2×10 11 W/cm 2 . The energy and pulse duration of the pre-pulse are 2 mJ and 130 ps respectively. The FC is placed at 10 degrees with respect to the target normal.
It is seen in Fig. 3 (a) that for a single pulse, the ion spectrum approximately obeys a Maxwellian distribution, most of the ions are above 2 keV, and the flux peak is located above 5 keV. With the introduction of a pre-pulse, the shape of the ion spectrum is completely different from that of a single pulse. The ions with high energy are significantly mitigated and all ions are shifted towards low energy. The flux peak is shifted towards lower energy with an increase in the delay time. It is seen in Fig. 3 (b) that at delay of 840 ns (red line), the flux peak is located at less than 150 eV. Compared with that of a single pulse, more than 30 times reduction in ion energy of the flux peak is achieved. More than 30 times reduction could be obtained for the whole range from 800 to 1200 ns. Smaller reduction factor are observed with a longer delay time >1200 ns.
In-band CE was measured simultaneously with the ion spectrum measurements. In the case of a single pulse, CE is 2%. In the case of dual-pulse, CE varies with delay time. It was observed that at delay times from 800 ns to 1200 ns, almost the same CE as that of a single pulse is achieved. So at delay times from 800 to 1200 ns, much lower ion energy and nearly the same in-band CE are simultaneously obtained as compared with those of a single pulse. 6 The EUV light centered at 13.5 nm with a bandwidth of 2% mainly comes from the unresolved transition array (UTA) of Sn 8+ to Sn 13+ , which are in an optimum population in a laser-produced plasma with temperature around 30 eV [11, 12, 13] . The same in-band conversion efficiency reveals almost the same plasma temperature in the EUV emitting region in these two cases. Furthermore, soft x-ray spectra from the Sn plasmas were also observed in the same shots for the measurements of the CE and ion spectrum. Typical spectra of the Sn plasma driven by single (black dot) and dual-pulse (red solid line) are shown in Fig. 4 . It is seen in Fig. 4 that the two spectra are nearly the same except for the spectral narrowing observed in the case of the dual-pulse. This confirms the same in-band CE in the two cases. The spectral narrowing comes from the lower initial density with a dual-pulse. This will be discussed later in section 4.1.
The effect of the pre-pulse energy on the reduction in ion energy was investigated. The ion energy spectra observed with various pre-pulse energies are shown in Fig. 5 . The pulse duration of the pre-pulse is fixed at 130 ps. It is seen that there is a threshold of pre-pulse energy to achieve a large reduction factor. 2 mJ is necessary to achieve 30 times reduction factor under present conditions. Above 2 mJ, the reduction factor is saturated. At the same time, too much energy in the pre-pulse will result in high energy ions induced by the pre-pulse itself. Note that under present conditions, the focal spot size of the pre-pulse is much larger than that of the pumping pulse, so the necessary pre-pulse energy could be reduced further.
The influence of the duration of the pre-pulse on the reduction in ion energy was investigated by repeating the experiments with pulse durations from 130 to 600 ps. The required energies of the pre-pulse to achieve 30 times reduction in ion energy as a function of the pulse duration are shown in Fig. 6 . It is seen that the required energy linearly increases with increasing pulse duration. This confirms that in order to obtain a large reduction factor, the intensity of the pre-pulse must be above some minimum value. This intensity may correspond with the threshold of phase explosion, as discussed in section 3.2.
The possible mechanism underlying the reduction of ion energy must come from the interaction of the pumping pulse with the pre-plasma instead of the solid surface. In order to understand the phenomena mentioned above, it is necessary to analyze the interaction of the laser pulse with the pre-formed plasma. The processes of ion acceleration in laser-produced plasma driven by a dual pulse can be described as follows.
Firstly, the pre-pulse irradiates a solid density target surface. A pre-plasma is formed and expands into vacuum. 7 After a delay time, a plasma with a smooth density profile is formed in front of the target surface. Then the pumping pulse is incident onto the pre-plasma instead of the initial full density surface, and laser energy may be deposited inside the pre-plasma. The pre-plasma is heated to a suitable temperature to generate 13.5 nm EUV light efficiently, and finally, the plasma with an initial low density and smooth density profile expands into vacuum. The ions and neutral particles are accelerated during the plasma expansion.
Evolution of the pre-plasma
The dynamic evolution of a pre-plasma induced by a pre-pulse was investigated by time-resolved shadowgraphy and interferometry. Shadowgraphs of the pre-plasma taken at various delay times of 40, 440, 840, and 1840 ns are shown in Fig. 7 (a), (b), (c), and (d) respectively. The zero point represents the delay time at which the pre-and pumping laser pulses arrive at the target surface at the same time. The energy of the prepulse is 2 mJ. The pumping pulse is blocked. The pre-pulse comes from the right-hand side of the images shown in Fig. 7 .
Obviously, there are two separate parts in the early stages of the pre-plasma, as shown in Fig. 7 (a) and (b).
One is the well-known thermal plasma with an expansion velocity of 10 6 cm/s; the other part, with a much lower expansion velocity of 10 4 cm/s, is called pre-plume hereafter. Accompanying the uniform pre-plume, a few large size particles are seen in late stages as shown in Fig. 7 (c) and (d).
The cold pre-plume may come from phase explosion of the solid target surface due to energy transfer from the thermal plasma. Recalling that the focal spot size of the pre-pulse is 300 µm, the threshold intensity of the pre-pulse to achieve a large reduction in ion energy is ~2×10 10 W/cm 2 . This intensity is just around the threshold for phase explosion [14] . In this case, the surface is superheated into a liquid phase, and homogeneous bubble nucleation occurs. As a consequence, the target surface material experiences an abrupt phase transformation from liquid to a mixture of vapor and droplets, which are ejected from the target surface.
According to homogeneous nucleation theory, the vapor formation rate can be described as,
where 0 τ is the time for the establishment of significant nucleation, which is much longer than the laser pulse duration [15] . So the cold pre-plume appears several hundred ns after the pre-pulse. 8 However, note that in our experiments, the intensity of the pre-pulse is controlled just around the threshold intensity for phase explosion, so most of the ablated material is in uniform vapor instead of large size droplets. This can be seen in the shadowgraphs shown in Fig. 7 . The uniform vapor expands into vacuum and a smooth density profile is formed in front of the initial surface after a specific delay time.
It is seen in Fig.7 (c) and (d) that after a delay of 840 ns, the fast thermal plasma can be neglected.
Interferograms of the pre-plasma at various delay times were obtained with the Nomarski interferometer. A typical interferogram of the pre-plasma obtained at delay time of 840 ns is shown in Fig. 8 . It is seen in Fig. 8 that there is no fringe shift at all. This shows that the pre-plume is mainly composed of neutral particles at this time.
The density profile of the pre-plume is deduced from the transmission profile of the probe beam obtained from the shadowgraphs shown in Fig. 7 . Assuming the pre-plume is uniform, the transmission of the probe beam can be simplified as Fig. 7 (c) at delay time of 840 ns is shown in Fig. 9 (black square). It is seen in Fig. 9 that the atom density decays from 1.5×10
19 cm -3 to 1 ×10 18 cm -3 when the distance from the initial target surface reaches 120 µm. Laser absorption in a low density plume will be discussed in section 4.1. The line in Fig. 9 represents a fit to the experimental data with a Gaussian function.
The length of the pre-plume increases with increasing delay time. The reduction factor in energy of the ions at the flux peak as a function of the length of the pre-plume is shown in Fig. 10 . It is seen that the reduction factor increases with increasing size of the pre-plume, i.e., ion energy p E is inversely proportional to the pre-plume length s l , scaling as
. At longer delay times >1200 ns, the density of the pre-plume is too low to block the pumping pulse; in this case, most of the laser energy is absorbed by the full density target surface and a small reduction in ion energy is observed. 9 
Dynamics of the EUV plasma
To clarify the mechanism dominating ion acceleration and EUV light generation in the interaction of the pumping laser pulse with the pre-plume, the density profile of the EUV plasma was measured using the Nomarski interferometer. Typical interferograms of laser-produced Sn plasmas driven by a single and a dualpulse are shown in Fig. 11 (a) and (b) respectively. The pumping laser intensity is 2×10 11 W/cm 2 , and the energy of the pre-pulse is 2 mJ with a delay time of 840 ns. The interferograms are taken at 2 ns after the peak of the pumping laser. The laser is incident from the right-hand side of the images shown in Fig. 11 .
Comparison between Fig. 11 (a) and (b) shows that in the case of dual-pulse the fringe shift induced by the EUV plasma is farther away from the target surface as compared with that of a single pulse, which reveals that the EUV plasma driven by a dual-pulse may take place within the pre-plume. A phase shift map was deduced from the interferograms using a mathematical treatment based on fast Fourier transform (FFT), and plasma density profile was deduced from the phase shift map with Abel inversion by assuming that the EUV plasma obeys cylindrical symmetry [17] . Fig. 12 shows typical density profiles of laser-produced Sn plasmas driven by a single laser pulse (red dot) and dual-pulse (black square) deduced from the interferograms shown in Fig. 11 M are plasma temperature, average charge state, and ion mass respectively. It is seen that the whole density profile of the EUV plasma driven by a dual-pulse is shifted farther away from the initial target surface as compared with that driven by single pulse. This shift confirms the assumption that most of the main laser pulse is deposited inside the pre-plume instead of the infinitely sharp, full density surface in the case of a dual-pulse.
Except for different absolute distances from the target surface, the two density profiles look similar.
However, recalling that in the case of the dual-pulse the pumping laser is deposited in a pre-formed plume with a Gaussian density profile with a length of 120 µm, the plasma irradiated by a single pulse should expand faster than that irradiated by a dual-pulse. Higher ion energy should be observed in the case of single pulse.
This coincides with the ion measurements mentioned above. 10 Higher plasma temperature deduced from the faster expansion in the case of a single pulse conflicts with the measurements of the CE and the soft x-ray spectrum mentioned in section 3.1. The possible reason may come from the fact that both the CE and the spectrum are spatially and temporally integrated. In the case of single pulse, the laser is absorbed in a higher density, more laser energy is absorbed and higher plasma temperature is formed in the higher density region in the rising slope of the laser pulse. So faster expansion results. But due to the opacity effect of the Sn plasma to 13.5 nm EUV light [18, 19, 20] , most of the 13.5 nm EUV light can only escape from the low density Sn plasma after significant plasma expansion [21] . So the detected properties of the 13.5 nm EUV light are almost same for single and dual-pulse.
Discussion
Absorption of the laser pulse in the low density pre-plume
Under our experimental conditions, the dominant absorption mechanism is inverse bremsstrahlung (IB).
An estimate of laser absorption in the corona using the IB absorption coefficient can be obtained from [22] , ) cos 3 Equation (1) predicts that a laser can be efficiently absorbed in a cold and high electron density plasma region. In general, it is commonly accepted that most of the absorption locally occurs near the critical density.
However for a long laser pulse (like several ns), plasma with a large scale length (hundred µm) formed in the laser incidence line is still cool enough that IB is very strong, so that the absorption takes place over a wide density range from well under-dense to the critical density instead of localized at the critical density surface [23] .
Due to the opacity of the Sn plasma to 13.5 nm EUV emission, efficient 13.5 nm EUV light comes from the well under-dense region in laser produced Sn plasmas [17] . Even though less EUV emission is generated in 11 the under dense plasma region due to lower ion density, more EUV light can escape due to lower opacity, in which case the detectable output of EUV light is almost same as the full density case. So almost the same CE is observed in both single and dual-pulse cases.
The spectral narrowing in the dual-pulse case mentioned in section 3.1 also comes from the initially lower and smoother plasma density. Out-of-band emission comes from the transitions of Sn ions with lower and higher charger state beyond 8+ and 13+. The spectral width is related to the charge state distribution of the Sn
ions. An initially lower and smoother density could reduce the charge state transfer induced by collisions among the ions during plasma expansion. Then a narrower spectrum is observed in the case of dual-pulse. This also coincides with observations of low-density Sn-doped foam, SnO 2 , and targets with low Sn concentration [24, 25, 26, 27] .
In the case of dual-pulse, laser energy is deposited in the pre-formed plume with a smooth density profile.
The ablation pressure is reduced with a smooth initial density profile, because the laser is absorbed in the lower densities farther from the ablation surface. The ablation pressure could induce the ejection of neutral particles from the substrate of the target. So the reduction in ablation pressure is helpful to reduce the generation of neutral particles.
Ion acceleration in the expansion of plasma with an initially smooth density profile
In order to understand the significant reduction in energy of ions from Sn plasma driven by a dual-pulse, the expansion of the plasma is discussed. It is known that ion acceleration comes from charge separation formed during the plasma expansion. In the case of a single pulse, the initial plasma is an infinitely sharp boundary; the maximum electric field associated with the electron Debye sheath can be described as n is the initial ion density [6] . However, for the dual-pulse case at suitable delay times (800-1200 ns), the pre-plume has a density length s l much larger than DE λ , i.e. 12 P. Mora [5] and T. Grismayer et al. [6] have theoretically investigated the influence of the initial ion density profile on the plasma expansion. They showed that, for a Gaussian plasma with size much larger than the Debye length, fast electron cooling during the adiabatic expansion results in a strong reduction in ion acceleration as compared with that of a sharp boundary. Since the characteristic time for electron cooling approximately scales with the size of the pre-plasma, significant reduction of electron temperature should be observed in the case of a smooth initial density profile.
Even with plasma scale length of 80λ De0, the numerical model only predicts a twofold difference in velocity, i.e., 4 times in energy between an infinitely sharp target surface and a finite density gradient [5] .
However, a reduction factor of 30 in ion energy was observed in our experiments. Furthermore, the theoretical model predicted that there is no large difference during the isothermal expansion between the cases of the smooth density profile and the sharp boundary [5] . But as mentioned in section 3.3, in the case of single pulse the EUV plasma expands faster than that of dual-pulse during the laser pulse.
Therefore, further experimental efforts are necessary to characterize the whole process of plasma expansion -both isothermal and adiabatic expansion phases. Comparing the detailed experimental data with theoretical work carried out at the specified experimental conditions could significantly improve our understanding of the basic plasma physics dominating ion acceleration.
Summary
In summary, efforts to clarify the interaction of a laser pulse with a pre-formed Sn plume for an EUV ultraviolet lithography light source were carried out. The significant reduction in ion energy and the nearly equal in-band CE from laser to 13.5 nm EUV light observed in the case of dual-pulse could be explained by the interaction of the pumping pulse with a pre-plume having a smooth density profile induced by the prepulse. The pre-plume has a Gaussian density profile. The ion energy scales with the length of the pre-plume, as
. The lower and smoother initial density profile reduces the density gradient of the EUV plasma, such that slower expansion and slower ions result in the case of a dual-pulse. At the same time, because of the opacity effect of the Sn plasma, the 13.5 nm EUV light mainly escapes from well underdense plasma, so the CE's are almost same in the two cases. This provides a convenient way to control the ion kinetic energy in 13 laser plasma interaction. Further experimental and theoretical efforts are necessary to characterize the whole processes of plasma expansion in detail and to understand the physics contributing to ion acceleration in plasma with an initially smooth density profile. dual-pulse single pulse
